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Objective/Background: Restless Legs Syndrome (RLS) is a dopamine-dependent
disorder characterized by a strong urge to move. The objective of this study was to
evalulate blood levels of dopamine and other catecholamines and blood D2-subtype
dopamine receptors (D2Rs) in RLS.

Patients/Methods: Dopamine levels in blood samples from age-matched unmedicated
RLS subjects, medicated RLS subjects and Controls were evaluated with high perfor-
mance liquid chromatography and dopamine D2R white blood cell (WBC) expression lev-
els were determined with fluorescence-activated cell sorting and immunocytochemistry.

Results: Blood plasma dopamine levels, but not norepinepherine or epinephrine levels,
were significantly increased in medicated RLS subjects vs unmedicated RLS subjects
and Controls. The percentage of lymphocytes and monocytes expressing D2Rs differed
between Control, RLS medicated and RLS unmedicated subjects. Total D2R expression
in lymphocytes, but not monocytes, differed between Control, RLS medicated and RLS
unmedicated subjects. D2Rs in lymphocytes, but not monocytes, were sensitive to
dopamine in Controls only.

Conclusion: Downregulation of WBCs D2Rs occurs in RLS. This downregulation is not
reversed by medication, although commonly used RLS medications increase plasma
dopamine levels. The insensitivity of monocytes to dopamine levels, but their downregu-
lation in RLS, may reflect their utility as a biomarker for RLS and perhaps brain dopamine
homeostasis.

Keywords: Willis-Ekbom disease, DA, D2 receptors, white blood cells, lymphocytes, monocytes

INTRODUCTION

The strong urge to move is the most characteristic feature of Restless Legs Syndrome (RLS)/Willis—
Ekbom Disease (WED) (1). The compulsion to move associated with this sensorimotor disorder usu-
ally follows a circadian rhythm, worsening as the day progresses and subsiding with movement (2).
The pathogenesis of RLS is not clear, and several theories exist. The most compelling theory involves
the neurotransmitter dopamine (DA) (3), more specifically, the hypofunctioning in brain DA signal-
ing (4). Supporting evidence for this notion is given by the fact that RLS symptoms decrease with
drugs that stimulate the DA system and are produced with drugs that block DA neurotransmission
in the brain (5). The levels of DA in the brain are directly proportional to the number of brain DA
D2 receptors (D2Rs) (6, 7), which are autoreceptors on DA neurons in the midbrain nigrostriatal
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and mesolimbic DA systems involved in reward and movement,
respectively.

Dopamine is normally present at low levels (15-30 pg/
ml) in human blood plasma (8). Studies have shown that in
addition to spilling over from noradrenergic nerves (8), DA is
also synthesized and present internally in some immune cells
(9, 10). Additionally, monocytes and lymphocytes express both
D1-like (Gatyorr coupled) and D2-like (Gaty, coupled) receptors
(11). As such, it has been proposed that DA plays a key role in
mediating a neuroimmune link (12, 13), and that peripheral DA
receptor expression may be a biomarker for CNS DA function
(14, 15). Consistent with the hypothesis that changes in CNS DA
function affect peripheral DA receptor expression, changes in
D2-like receptor expression on lymphocytes have been reported
in opioid addicts (16) and in alcohol dependence (17). Further,
increased D2R expression on lymphocytes has been reported in
Parkinson’s disease (18). Recently D2R expression in T cells has
been reported to be positively correlated with motor deficits in
Parkinson’s disease (19).

An alternative theory concerning the pathogenesis of RLS
involves diminished peripheral blood flow, which could also
be owed to altered DA availability, albeit in the periphery. It is
hypothesized that peripheral hypoxia induces the urge to move
in order to improve tissue oxygenation (20-22). Blood flow is
controlled by extrinsic and intrinsic factors. One main extrinsic
factor is the sympathetic nervous system, which induces vaso-
constriction by releasing catecholamines [i.e., norepinephrine
(NE), epinephrine, and DA] (23) in the peripheral blood. It is
conceivable that subjects with RLS experience augmented activ-
ity of the sympathetic nervous system, following a circadian
rhythm, leading to vasoconstriction, which leaves them with
tissue hypoxia at night. Other studies (24, 25) have implicated
sympathetic nervous system hyperactivity in the involvement of
symptoms associated with RLS.

This study was conducted to determine if there is alink between
these two theories by correlating blood levels of the catechola-
mines NE, epinephrine (EPI), and DA to D2R expression levels
on white blood cells (WBCs) in medicated and unmedicated
subjects with RLS vs Controls. Knowing that these two theories
are not competing, but possibly complementing each other, may
help in understanding the pathogenesis of RLS.

MATERIALS AND METHODS
Subjects

This study was carried out in accordance with the recommenda-
tions of federal ethics guidelines, Code of Federal Regulations,
TITLE 45, PUBLIC WELFARE, DEPARTMENT OF HEALTH
AND HUMAN SERVICES, PART 46, PROTECTION OF

HUMAN SUBJECTS with written informed consent from all
subjects. All subjects gave written informed consent in accord-
ance with the Declaration of Helsinki. The protocol was approved
by Institutional Review Board at the authors university, and each
subject gave written informed consent before participation.
Thirteen healthy subjects with RLS (n = 7 medicated; n = 6
unmedicated) and 12 age-matched subjects without RLS
(Table 1) were recruited for this study via newspaper advertise-
ment, flyer, and word of mouth. Medicated subjects were taking
dopaminergic medications (n = 4 pramipexole; n = 2 ropinirole)
and benzodiazepines (n = 1 lorazepam). The sample size was
determined based on other research with a similar set up which
has used the same number of subjects (26). However, no a priori
power analysis was performed. Inclusion criteria consisted of
a confirmed diagnosis of RLS using the updated International
Restless Legs Syndrome Study Group consensus criteria (27) and
a severity score of 11 or higher on the International RLS Study
Group Rating Scale (IRLS) (28). All subjects were screened for
exclusion criteria, which consisted of pregnancy and a diagnosis
of iron deficiency anemia and diabetes. Candidates were also
excluded if they had any known cardiovascular disease.

Sample Collection and Extraction of Blood
Blood samples for the determination of catecholamine and for
D2R flow were collected between 1800-2100 hours in all sub-
jects to control for diurnal variations. For blood collection, an
antecubital catheter was implanted in a median cubital vein and
remained in situ for 20 min to control for the stress of the injec-
tion. On average 6 mL of blood was drawn in heparinized tubes
with a 100-pL aliquot of blood being set aside for cytometry (see
D2R Flow Cytometry).

Measurement of Catecholamines

The whole blood sample was immediately centrifuged (2,000 rpm)
at 4°C for 10 min and the plasma collected for catecholamine
analysis. The plasma samples were snap frozen in liquid nitrogen
and then sent frozen to Labcorp. Labcorp used High-Pressure
Liquid Chromatography with electrochemical detection for
determination of catecholamine levels.

D2R Flow Cytometry

A 100 pL aliquot of whole blood was placed in red blood cell
lysis solution (BioLegend, 2.0 mL) for 10 min. The reaction
was stopped with the addition of 2.0 mL PBS and centrifuged
(2,000 rpm) for 5 min. Afterward, the supernatant was decanted
and the leftover pellet was suspended in Cell Staining Buffer
(Biolegend) for 15 min. Following an additional centrifugation
step, the cell samples were incubated for 15 min on ice with anti-
D2R (Millipore) antibodies. The samples were then centrifuged

TABLE 1 | Demographics and questionnaires.

Group Age (years) Women:men Weight (kg) Height (cm) Years since Restless Legs Syndrome (RLS) diagnosis IRLS score
RLS unmedicated (n =6)  32.8 + 12.1 2:1 64.8 +14.2 1727 +10.4 125+35 17.3+9.9
RLS medicated (n = 7) 57.1+£125 1:6 82.1+£223 1734 +54 11.0+ 2.1 221+ 3.7
Control (n = 12) 445 +16.4 7:5 75.6+149 172.9+10.1 n/a n/a
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again and incubated for 15 min with anti-CD45 (Invitrogen APC
Conjugated, 1:150) and FITC secondary (BD biosciences, 1:150)
in the dark and on ice. Sample preparation was finished with an
additional centrifugation step and the cells were suspended in
300 pL of cell staining buffer prior to fluorescence-activated cell
sorting (FACS) on an Attune Acoustic Focusing Flow Cytometer
(Applied Biosystems). Residual samples were plated onto
microscope slides and treated with DAPI nuclear stain for visual
confirmation of D2R expression on WBCs.

Incubation of WBCs With Dopamine

Blood was drawn from four separate volunteers (male, college
aged with no association with RLS) and cultured to determine the
effects of DA on D2R expression. An average of 10 mL of whole
blood were drawn from the subjects at midday without use of the
antecubital catheters. The whole blood was then mixed with equal
amounts of Hank’s solution and layered on top of lymphocyte
separation media (Cellgro) for separation of lymphocytes and
monocytes from other whole blood constituents. The samples
were then centrifuged (1,200 rpm, 4 C) for 15 min with no brake.
Following centrifugation, the lymphocyte/monocyte layer of cells
were extracted from the fractionated samples and then added to
10 mL of 0.1 M PBS and centrifuged (2,000 rpm, 4 C) again for
5 min. The resulting pellet was suspended in 24 mL cell culture
media (DMEM).

The samples were dispersed onto 12-well plates and additional
media was added which contained DA. The final volume of each
well was 2.0 mL and the concentrations of DA were 0, 0.001, 0.1,
1, and 10 pM (each set was completed in triplicate). One plate
was immediately harvested for flow cytometric analysis, one plate
was allowed to incubate (37°C, 5% CQO,) for an hour, and a final
plate was allowed to incubate for 24 h. Following the incubation
period, the cells were mechanically harvested for FACS (see above
for description of staining procedure).

Data Analysis: Catecholamines and D2R Expression

Blood plasma catecholamine levels and D2R expression in
WBCs are presented as mean + SEM and analyzed by ANOVA.
The percentage of cells expressing D2Rs and total D2R expres-
sion (as measured by mean fluorescence intensity) were com-
pared in monocytes and lymphocytes between subjects with
RLS and medicated, with RLS and unmedicated and without
RLS. Statistical significance was considered at p < 0.05. Prior
to analysis by ANOVA, data were checked for outliers by cal-
culating the median and interquartile range (IQR). A datum
was considered to be an outlier if it was larger or smaller than
the median plus or minus three IQR. Using this method, two
outlying datapoints were identified. After determining that the
outliers were not the result of data entry error the values were
bounded to the predetermined limit for classifying outliers
(median + 3 IQR). Where the ANOVA detected a significant
effect between subjects a post hoc test with a Bonferroni cor-
rection was performed to further elucidate the nature of the
effect. Statistical analysis was carried out using Stata 14.0
(StataCorp LLC, College Station, TX, USA). At the request of
a reviewer a Kruskal-Wallis test was also performed at a later
date. Where significance was indicated by the Kruskal-Wallis

test a Conover-Iman post hoc test with a Bonferroni correction
was performed to allow for a more complete explanation of
the effect. The results for the nonparametric test are reported
immediately after the results for the parametric test where
appropriate.

Data Analysis: Effect of DA on D2R Expression

Data are presented as mean + SEM and analyzed by ANOVA
with the concentration of DA during the incubation phase as the
between groups factor. Following analysis by ANOVA, a post hoc
analysis with Bonferroni correction was performed comparing
lymphocyte expression of D2Rs at each DA concentration to D2R
expression in lymphocytes not incubated in DA. Repeated meas-
ures ANOVAs had revealed no effect of time on the measures of
D2R expression in monocytes and lymphocytes. As such, data
for D2R expression in monocytes and lymphocytes not incubated
in DA were collapsed across the 0 and 1 h timepoints for this
analysis. Statistical significance was considered at p < 0.05. Data
were screened prior to analysis as described above. Statistical
analysis of data was carried out using SPSS 11.0 (Armonk,
NY, USA) and Stata 14.0 (StataCorp LLC, College Station, TX,
USA). At the request of a reviewer a Kruskal-Wallis test was
also performed at a later date. Where significance was indicated
by the Kruskal-Wallis test a Conover-Iman post hoc test with a
Bonferroni correction was performed to allow for a more com-
plete explanation of the effect. The results for the nonparametric
test are reported immediately after the results for the parametric
test where appropriate.

RESULTS

Blood Catecholamine Levels in RLS

We compared the plasma levels of the catecholamines NE, EPI,
and DA in RLS unmedicated, RLS medicated and control sub-
jects. While plasma NE and EPI levels did not differ between RLS
unmedicated, RLS medicated, and control subjects [RLS unmedi-
cated NE =450 + 62 pg/mL vs RLS medicated NE = 402 + 66 pg/
mL vs Control NE =398 + 39 pg/mL, F215=0.24, p=0.79, n =4,
5,9, X’ n=19 = 1.14, p = 0.57; RLS unmedicated EPI = 32 + 9 pg/
mL vs RLS medicated EPI = 62 + 15 pg/mL vs Control
NE = 27 + 8 pg/mL, Fui5 = 2.94, p = 0.08, n = 4, 5, 9 each,
sz, pmtsy = 4:32,p=0.12], there was a significant effect of condition
on plasma DA levels (RLS unmedicated DA = 26 + 2 pg/mL vs
RLS medicated DA = 38 + 11 pg/mL vs Control DA =17 + 2 pg/
mL, Fi15=3.84,p=0.05,1=4,5,9,%(, ,_5, = 3.56, p=0.17 each;
Figures 1A-C). Post hoc analysis with a Bonferroni correction
revealed that plasma DA levels were significantly elevated in RLS
medicated but not RLS unmedicated subjects as compared with
control subjects [RLS medicated vs Control fs = 2.76, p = 0.015;
RLS unmedicated vs Control #1s = 1.18, p = 0.257].

Blood Dopamine D2R Expression in RLS

D2-subtype dopamine receptors were expressed in both
lymphocytes and monocytes in both RLS and control subjects
(Figure 2). In control subjects, the % cells expressing D2Rs and
the total expression of D2Rs/cell was significantly greater in
monocytes than lymphocytes [% cells: 49.6 + 5.0 vs 13.3 + 1.5;
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FIGURE 1 | Enhanced dopamine levels in restless legs syndrome (RLS) medicated subjects. (A) Blood plasma norepinepherine (NE) levels were the highest of all the
catecholamines, but did not differ between Control and RLS medicated and unmedicated subjects. (B) Epinepherine (EPI) levels likewise did not differ between
Control and RLS medicated and unmedicated subjects. (C) Dopamine (DA) levels were significantly greater in RLS medicated subjects than in Controls. Asterisk *
indicates significance level p < 0.05.
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FIGURE 2 | Lowered blood D2-subtype dopamine receptor (D2R) expression in restless legs syndrome (RLS). (Top) This immunocytochemistry panel of isolated
white blood cells (WBCs) shows DAPI nuclear stain (blue), D2Rs (green) and merge from a control subject. Note the punctate expression of D2Rs in many WBCs.
Inset is magnified view of area denoted by arrows. (A) Percent expression of D2Rs in lymphocytes in Control, RLS medicated, and RLS unmedicated subjects.

The percent of lymphocytes expressing D2Rs differs between subjects in the different populations with expression that is lower in RLS medicated and unmedicated
subjects. (B) The total expression of D2Rs in lymphocytes differs between the different subject populations. RLS medicated and unmedicated subjects have lower
total expression of D2Rs in lymphocytes. (C) Likewise, the percent of monocytes expressing D2Rs differs among subject populations with expression that is lower in
RLS medicated and unmedicated subjects. (D) The total expression of D2Rs in monocytes was not detectably different between the different subject populations.

*oxk

Asterisks *, ** indicate significance levels p < 0.05 and p < 0.01, respectively.

Fua3 = 48.9, p = 1.49E—08; total expression: 16,192.1 + 2,020.3  lymphocytes was significantly different among RLS unmedicated,
vs 4,078.8 + 508.5; Fus) = 33.8, p = 7.34E-07; n = 22 RLS medicated and control subjects [Fpx) = 3.69, p = 0.04;
each; Figure 2D and 2B]. The % cells expressing D2Rs in = n=25n=6,7,12, X?z, neasy =482, p = 0.09; Figure 2A], as was
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the % cells expressing D2Rs in monocytes [Fi.2) = 3.64, p = 0.04;
n=6,7 12, A, .25, = 5.01, p = 0.08; Figure 2C]. A follow up
analysis using Bonferroni corrected post hoc tests failed to detect
significant differences in D2R expression between RLS unmedi-
cated [toy = —2.44, p = 0.07; tay = —2.09, p = 0.14] and RLS
medicated subjects [t = —1.98, p = 0.18; t22) = —2.33, p = 0.09]
and control subjects for % cells expressing D2Rs in lymphocytes
and monocytes, respectively. The total expression of D2Rs in
lymphocytes was also significantly different among RLS unmedi-
cated, RLS medicated and control subjects [F222 = 6.28, p = 0.01;
n==6,7,12, X(zz’ nezsy = 9-36, p < 0.01; Figure 2B], whereas the total
expression of D2Rs in monocytes did not differ across groups
[Fom = 270, p = 0.09 n = 6, 7, 12, X}, 5, =5.56, p = 0.06;
Figure 2D]. A Bonferroni corrected post hoc test revealed that
both RLS unmedicated [t = —2.80, p = 0.03, t =2.78, p = 0.02]
and RLS medicated [tp) = —3.02, p = 0.02, t = 3.34, p < 0.01]
subjects differed significanlty from control subjects for total
expression of D2Rs in lymphocytes.

Effects of Dopamine on Blood WBC D2R

Expression

We evaluated D2R expression in lymphocytes and monocytes
at DA concentration levels 0.0, 0.001, 0.1, 1.0, and 10.0 uM fol-
lowing a 1-h incubation (Figure 3). The % cells expressing D2Rs
in monocytes was unaffected by DA at the 0.001-10.0 uM levels
compared to 0.0 uM [Fus) = 1.91, p > 0.05; n =7, 7, 10, 10, 10,
X(a, nss) = 7-11, p = 0.13; Figure 3A], but the % cells expressing
D2Rs in lymphocytes was significantly increased at the 1.0 and
10.0 uM levels [overall: Fius)) = 18.69, p < 0.01, %7, , s, =31.22,
p<0.01; pairwise:1.0 pM: ts1) = 4.64, p < 0.01, t = —5.25, p < 0.01;
10.0 uM: tsy = 7.53, p < 0.01; n = 7, 7, 10, 10, 10, t = —6.69,
p <0.01; Figure 3A]. The total expression of D2Rs in monocytes
was unaffected by DA at 0.001-10.0 uM levels [Fusy = 1.42,
p>0.05n=7,10,10, %/, nese) = 6.26, p = 0.18; Figure 3B], but
the total expression of lymphocytes was significantly increased
at the 1.0 and 10.0 uM levels [overall: Fus) = 8.35, p < 0.01,
N nose) = 22-41, p < 0.01; pairwise:1.0 pM: £y = 2.73, p = 0.04,
t=-3.72, p < 0.01; 10.0 pM: tisy = 5.18, p < 0.01, t = —5.05,
p <0.01; n =10, 10; Figure 3B].

DISCUSSION

Results from both sets of analyses are included in the results
section to provide readers with transperancy, although only the
ANOVA results will be discussed. This is done for several reasons:
(1) the data were largely normally in distributed (Shapiro-Wilk
test, p-values > 0.05) and homoscedastic in nature (Cameron-
Trivedi decomposition, p-values > 0.05), however, unequal in
cell size. (2) A previous simulation study suggests that at a small
sample size similar to that contained in our paper, with similar
properties, the Kruskal-Wallis test does indeed reduce the type
I error rate (approximately 2%) as compared with an ANOVA
F-test. The Kruskal-Wallis test also increases the type II error
rate (approximately 5%), thus rendering the ANOVA F-test more
accurate (29). Further, at a slightly larger sample size similar to
that contained in our DA effects on WBC D2R expression experi-
ments, the type I and type II error rate were found to be lower
for the ANOVA F-test than for the Kruskal-Wallis test (29). The
Kruskal-Wallis test was included as a courtesy to readers at the
request of a reviewer. We recognize that in three instances the
results of the Kruskal-Wallis test did not reach significance where
the ANOVA F-test did. This may be due to either Type I error on
the part of the ANOVA F-test or type II error on the part of the
Kruskal-Wallis test. Without increased sample size it is difficult
to determine which is the case. We welcome future studies with
improved sample size that will help to clarify this question.

Blood Catecholamine Levels in RLS

In an attempt to consolidate the two major theories regarding
the etiology of RLS, we evaluated peripheral DA levels and their
target D2Rs on WBCs in RLS vs control subjects. We found that
DA levels (but not NE or EPI) were significantly increased in
RLS medicated subjects, but not in non-medicated subjects, vs
Controls. The medications most commonly used to treat RLS
symptoms are DAergic drugs, such as levodopa and DA agonists
(30). Our RLS medicated subjects exhibited on average more
than twice the amount of DA compared to Controls. While
intake of DA or DAergic drugs might be necessary to treat a
hypoDAergic state in the brain, it appears that it also leads to an
increase in amounts of peripheral DA. At physiological levels
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250 —

200 —
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FIGURE 3 | Differential upregulation of D2 receptors in white blood cells by dopamine. (A) Percent expression of D2-subtype dopamine receptors (D2Rs) in blood
lymphocytes vs monocytes following a 1-h incubation with DA at varying concentrations. While the % of monocytes expressing D2Rs was not affected by DA, the %
of lymphocytes expressing D2Rs was significantly enhanced at 1.0 and 10 uM DA. (B) While the total expression of D2Rs in monocytes was not affected by DA, the
total expression of D2Rs in lymphocytes was significantly enhanced at 1.0 and 10 pM DA. Asterisks *, *** indicate significance levels p < 0.05 and p < 0.001,
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DA acts as a potent vasodilator in systemic arteries (31) and
enhances blood flow in peripheral skeletal muscles by inhibiting
sympathetic vasoconstrictor tone (32). The administration of
additional DA in the peripheral blood could be one of the ways
that DAergic drugs help decrease symptoms associated with
RLS. Supporting this hypothesis are recent findings, where our
lab showed that by increasing blood flow in the legs through
intermittent whole-body vibration (33) the symptoms of RLS
are decreased. Several other blood flow augmenting modalities
(21, 22, 34-37) have been linked to a decrease of symptoms
associated with RLS.

Blood Dopamine D2R Expression in RLS
Our findings indicate that medicated and unmedicated
subjects with RLS exhibit a lower percentage of lymphocytes
and monocytes expressing D2Rs and lower total expression of
D2R in lymphocytes. This is the first study assessing D2Rs in
peripheral blood in subjects with RLS, so no comparisons can
be made. It is interesting to note that in postmortem tissue,
decreases in D2R expression in the putamen have been found
in RLS patients, with decreases in D2R expression correlating
with increased severity of RLS symptoms (38). Furthermore,
lower D2R binding potentials have been reported in the cau-
date and putamen of patients with RLS (39). Thus, if RLS is
the result of a hypoDAergic state, accompanied by decreased
D2R expression in the caudate, DAergic medication may
help people with RLS by decreasing neuronal excitability in
the nigrostriatal pathway (40), resulting in decreased RLS
symptoms.

Effects of Dopamine on Blood WBC D2R

Expression

D2-subtype dopamine receptor expression in lymphocytes,
but not monocytes, was sensitive to DA in control subjects.
Lymphocytic D2Rs were found to adapt fairly rapidly to varying
levels of circulating DA, but monocytes appeared to be insensi-
tive to them. Specifically, lymphocytes responded to incubation
in 1.0 and 10.0 uM concentrations by increasing both the total
expression of D2Rs and the number of cells expressing D2Rs.
Monocytes did not change expression of D2Rs following incu-
bation in concentrations of DA ranging from 0.001 to 10.0 pM.
This finding is consistent with previous findings that DA
receptor activity in lymphocytes, but not monocytes modulates
tyrosine hydroxylase activity (9), suggesting that DA receptors
on lymphocytes and monocytes may differ in DA signal trans-
duction. Additionally, the relative insensitivity of monocyte

REFERENCES

1. Barriere G, Cazalets ], Bioulac B, Tison F, Ghorayeb I. The restless legs syn-
drome. Prog Neurobiol (2005) 77:139-65. doi:10.1016/j.pneurobio.2005.10.007

2. Ekbom K. Restless legs syndrome. Neurology (1960) 10:868-73. doi:10.1212/
WNL.10.9.868

3. Ondo W. Epidemiology of restless legs syndrome. Sleep Med (2002) 3(Suppl 1):
$13-5. d0i:10.1016/51389-9457(02)00142-9

4. ClemensS,Rye D, Hochman S. Restless legs syndrome - revisiting the dopamine
hypothesis from the spinal cord perspective. Neurology (2006) 67(1):125-30.
doi:10.1212/01.wnl.0000223316.53428.c9

and lymphocyte D2R expression to DA suggests that changes
in D2R expression in RLS patients are not due to changes in
blood DA concentrations but may result from changes in CNS
DA function, suggesting that monocyte and lymphocyte D2R
expression may be a useful biomarker of CNS DA function as
well as RLS. The insensitivity of monocytes to DA levels, in
connection with their downregulation in RLS, may reflect their
utility as a biomarker for RLS, DA-dependent disorders and
perhaps brain DA homeostasis.

CONCLUSION

Downregulation of WBCs D2Rs occurs in medicated and
unmedicated subjects with RLS. Hence, the downregulation
is not reversed by medication, although commonly used RLS
medications increase plasma dopamine levels.

The insensitivity of monocytes to dopamine levels, combined
with their downregulation in RLS, may reflect their utility as a
biomarker for RLS and perhaps brain dopamine homeostasis.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of federal ethics guidelines, Code of Federal Regulations,
TITLE 45, PUBLIC WELFARE, DEPARTMENT OF HEALTH
AND HUMAN SERVICES, PART 46, PROTECTION OF
HUMAN SUBJECTS with written informed consent from all
subjects. All subjects gave written informed consent in accord-
ance with the Declaration of Helsinki. The protocol was approved
by Institutional Review Board at the authors” university, and each
subject gave written informed consent before participation.

AUTHOR CONTRIBUTIONS

UM: study concept, data collection, data analysis, writing of
manuscript, and funding. JO: data analysis and writing of
manuscript. EH: data collection and writing of manuscript. BG:
data collection, data analysis, and writing of manuscript. TC:
data collection and data analysis. SH: data analysis and writing
of manuscript. SCS: study concept, data analysis, writing of
manuscript, and funding.

FUNDING

This work was supported by NIH grants AA020919 and DA035958
to SCS as well as internal funding at Brigham Young University.

5. Comella CL. Restless legs syndrome: treatment with dopaminergic agents.
Neurology (2002) 58(4 Suppl 1):S87-92. doi:10.1212/WNL.58.suppl_1.S87

6. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. Hyperlocomotion
and indifference to cocaine and amphetamine in mice lacking the dopamine
transporter. Nature (1996) 379(6566):606-12. doi:10.1038/379606a0

7. Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Jayne M, et al. Profound
decreases in dopamine release in striatum in detoxified alcoholics: possible
orbitofrontal involvement. J Neurosci (2007) 27(46):12700-6. doi:10.1523/
JNEUROSCI.3371-07.2007

8. Goldstein DS, Holmes C. Neuronal source of plasma dopamine. Clin Chem
(2008) 54(11):1864-71. doi:10.1373/clinchem.2008.107193

Frontiers in Neurology | www.frontiersin.org

March 2018 | Volume 9 | Article 155


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.pneurobio.2005.10.007
https://doi.org/10.1212/WNL.10.9.868
https://doi.org/10.1212/WNL.10.9.868
https://doi.org/10.1016/S1389-9457(02)00142-9
https://doi.org/10.1212/01.wnl.0000223316.53428.c9
https://doi.org/10.1212/WNL.58.suppl_1.S87
https://doi.org/10.1038/379606a0
https://doi.org/10.1523/JNEUROSCI.3371-07.2007
https://doi.org/10.1523/JNEUROSCI.3371-07.2007
https://doi.org/10.1373/clinchem.2008.107193

Mitchell et al.

DR2 and RLS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ferrari M, Cosentino M, Marino F, Bombelli R, Rasini E, Lecchini S, et al.
Dopaminergic D-1-like receptor-dependent inhibition of tyrosine hydroxy-
lase mRNA expression and catecholamine production in human lymphocytes.
Biochem Pharmacol (2004) 67(5):865-73. d0i:10.1016/j.bcp.2003.10.004
Cosentino M, Fietta AM, Ferrari M, Rasini E, Bombelli R, Carcano E, et al.
Human CD4+CD25+ regulatory T cells selectively express tyrosine hydrox-
ylase and contain endogenous catecholamines subserving an autocrine/para-
crine inhibitory functional loop. Blood (2007) 109(2):632-42. doi:10.1182/
blood-2006-01-028423

McKenna E, McLaughlin PJ, Lewis BJ, Sibbring GC, Cummerson JA, Bowen-
Jones D, et al. Dopamine receptor expression on human T- and B-lymphocytes,
monocytes, neutrophils, eosinophils and NK cells: a flow cytometric study.
J Neuroimmunol (2002) 132(1-2):34-40. doi:10.1016/S0165-5728(02)00280-1
Basu S, Dasgupta PS. Dopamine, a neurotransmitter, influences the immune
system. J Neuroimmunol (2000) 102(2):113-24. doi:10.1016/S0165-5728(99)
00176-9

Basu B, Sarkar C, Chakroborty D, Ganguly S, Shome S, Dasgupta PS, et al.
D1 and D2 dopamine receptor-mediated inhibition of activated normal T cell
proliferation is lost in jurkat T leukemic cells. J Biol Chem (2010) 285(35):
27026-32. doi:10.1074/jbc.M110.144022

Ersche KD, Roiser JP, Lucas M, Domenici E, Robbins TW, Bullmore ET.
Peripheral biomarkers of cognitive response to dopamine receptor agonist
treatment. Psychopharmacology (Berl) (2011) 214(4):779-89. doi:10.1007/
$00213-010-2087-1

Taraskina AE, Nasyrova RE, Grunina MN, Zabotina AM, Ivashchenko DV,
Ershov EE, et al. [Dopamine neurotransmission of peripheral blood lym-
phocytes is a potential biomarker of psychiatric and neurological disorders].
Zh Nevrol Psikhiatr Im S S Korsakova (2015) 115(9):65-9. doi:10.17116/
jnevro20151159165-69

Goodarzi A, Vousooghi N, Sedaghati M, Mokri A, Zarrindast MR. Dopamine
receptors in human peripheral blood lymphocytes: changes in mRNA
expression in opioid addiction. Eur ] Pharmacol (2009) 615(1-3):218-22.
doi:10.1016/j.ejphar.2009.04.060

Taraskina AE, Grunina MN, Zabotina AM, Nasyrova RE Ivanov MYV,
Krupitsky EM, et al. The key proteins of dopaminergic neurotransmission
of human peripheral blood lymphocytes: changed mRNA level in alcohol
dependence syndrome. Bull Exp Biol Med (2015) 160(2):271-4. doi:10.1007/
s10517-015-3147-7

Barbanti P, Fabbrini G, Ricci A, Cerbo R, Bronzetti E, Caronti B,
et al. Increased expression of dopamine receptors on lymphocytes in
Parkinson’s disease. Mov Disord (1999) 14(5):764-71. d0i:10.1002/1531-8257
(199909)14:5<764::AID-MDS1008>3.0.CO;2-W

Kustrimovic N, Rasini E, Legnaro M, Bombelli R, Aleksic I, Blandini E
et al. Dopaminergic receptors on CD4+ T naive and memory lymphocytes
correlate with motor impairment in patients with Parkinson’s disease. Sci Rep
(2016) 6:33738. doi:10.1038/srep33738

Wihlin-Larsson B, Kadi F, Ulfberg J, Aulin KP. Skeletal muscle morphology
in patients with restless legs syndrome. Eur Neurol (2007) 58(3):133-7.
doi:10.1159/000104712

Lettieri C, Eliasson A. Pneumatic compression devices are an effective ther-
apy for restless legs syndrome: a prospective, randomized, double-blinded,
sham-controlled trial. Chest (2008) 135:74-80. doi:10.1378/chest.08-1665
Mitchell U, Myrer ], Johnson A, Hilton S. Restless legs syndrome and near-in-
frared light: an alternative treatment option. Physiother Theory Pract (2011)
27(5):345-51. doi:10.3109/09593985.2010.511440

Taddei S, Pedrinelli R, Salvetti A. Sympathetic nervous system-dependent
vasoconstriction in humans. Evidence for mechanistic role of endogenous
purine compounds. Circulation (1990) 82(6):2061-7. doi:10.1161/01.CIR.
82.6.2061

Ancoli-Israel S, Seifert AR, Lemon M. Thermal biofeedback and periodic
movements in sleep: patients’ subjective reports and a case study. Biofeedback
Self Regul (1986) 11(3):177-88. doi:10.1007/BF01003477

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ware JC, Blumoff R, Pittard JT. Peripheral vasoconstriction in patients with
sleep related periodic leg movements. Sleep (1988) 11(2):182-6. doi:10.1093/
sleep/11.2.182

Lythgo N, Eser P, de Groot P, Galea M. Whole-body vibration dosage
alters leg blood flow. Clin Physiol Funct Imaging (2009) 29(1):53-9.
doi:10.1111/j.1475-097X.2008.00834.x

Allen RP, Picchietti DL, Garcia-Borreguero D, Ondo WG, Walters AS,
Winkelman JW, et al. Restless legs syndrome/Willis-Ekbom disease diagnostic
criteria: updated International Restless Legs Syndrome Study Group (IRLSSG)
consensus criteria — history, rationale, description, and significance. Sleep Med
(2014) 15(8):860-73. doi:10.1016/j.sleep.2014.03.025

IRLSS Group. 2011 Revised IRLSSG Diagnostic Criteria for RLS. (2011).
Available from: http://irlssg.org/diagnostic-criteria/

Feir-Walsh B, Toothaker L. An empirical comparison of the Anova F-test,
normal scores test and Kruskal-Wallis test under violation of assumptions.
Educ Psychol Meas (1974) 34:789-99. doi:10.1177/001316447403400406
Kurlan R, Richard IH, Deeley C. Medication tolerance and augmentation
in restless legs syndrome: the need for drug class rotation. ] Gen Intern Med
(2006) 21(12):C1-4. doi:10.1111/§.1525-1497.2006.00593.x

Amenta E Barili P, Bronzetti E, Felici L, Mignini F, Ricci A. Localization of
dopamine receptor subtypes in systemic arteries. Clin Exp Hypertens (2000)
22(3):277-88. doi:10.1081/CEH-100100077

Eliasen P, Klemp P, Vagn Nielsen H, Crone P. Subcutaneous and muscle
blood flow during dopamine infusion in man. Scand J Clin Lab Invest (1989)
49(1):43-7. doi:10.3109/00365518909089076

Mitchell U, Johnson P. Vibration and skin blood flow changes in subjects
with restless legs syndrome. ] Parkinsonism Restless Legs Syndr (2014) 4:9-16.
doi:10.2147/JPRLS.S58556

Rajaram S, Shanahan J, Ash C, Walters A, Weisfogel G. Enhanced external
counter pulsation (EECP) as a novel treatment for restless legs syndrome
(RLS): a preliminary test of the vascular neurologic hypothesis for RLS. Sleep
Med (2005) 6:101-6. doi:10.1016/j.sleep.2004.10.012

Eliasson A, Lettieri C. Sequential compression devices for treatment of
restless legs syndrome. Medicine (2007) 86(6):317-23. doi:10.1097/MD.
0b013e31815b1319

Russell M. Massage therapy and restless legs syndrome. J Bodywork Mov
Thearpies (2007) 11(2):146-50. doi:10.1016/j.jbmt.2006.12.001

Mitchell U. Use of near-infrared light to reduce symptoms associated with
restless legs syndrome: a case report. ] Med Case Reports (2010) 4:286.
doi:10.1186/1752-1947-4-286

Connor JR, Wang XS, Allen RP, Beard JL, Wiesinger JA, Felt BT, et al. Altered
dopaminergic profile in the putamen and substantia nigra in restless leg
syndrome. Brain (2009) 132(Pt 9):2403-12. doi:10.1093/brain/awp125
Earley CJ, Kuwabara H, Wong DE, Gamaldo C, Salas RE, Brasic JR, et al.
Increased synaptic dopamine in the putamen in restless legs syndrome. Sleep
(2013) 36(1):51-7. doi:10.5665/sleep.2300

Hyacinthe C, De Deurwaerdere P, Thiollier T, Li Q, Bezard E, Ghorayeb I.
Blood withdrawal affects iron store dynamics in primates with consequences
on monoaminergic system function. Neuroscience (2015) 290:621-35.
doi:10.1016/j.neuroscience.2015.01.057

Conflict of Interest Statement: All authors declare that this work was not carried
out in the presence of any personal, professional, or financial relationships that
could potentially be construed as a conflict of interest.

Copyright © 2018 Mitchell, Obray, Hunsaker, Garcia, Clarke, Hope and Steffensen.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

March 2018 | Volume 9 | Article 155


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.bcp.2003.10.004
https://doi.org/10.1182/blood-2006-01-028423
https://doi.org/10.1182/blood-2006-01-028423
https://doi.org/10.1016/S0165-5728(02)00280-1
https://doi.org/10.1016/S0165-5728(99)
00176-9
https://doi.org/10.1016/S0165-5728(99)
00176-9
https://doi.org/10.1074/jbc.M110.144022
https://doi.org/10.1007/s00213-010-2087-1
https://doi.org/10.1007/s00213-010-2087-1
https://doi.org/10.17116/jnevro20151159165-69
https://doi.org/10.17116/jnevro20151159165-69
https://doi.org/10.1016/j.ejphar.2009.04.060
https://doi.org/10.1007/s10517-015-3147-7
https://doi.org/10.1007/s10517-015-3147-7
https://doi.org/10.1002/1531-8257
(199909)14:5 < 764::AID-MDS1008 > 3.0.CO;2-W
https://doi.org/10.1002/1531-8257
(199909)14:5 < 764::AID-MDS1008 > 3.0.CO;2-W
https://doi.org/10.1038/srep33738
https://doi.org/10.1159/000104712
https://doi.org/10.1378/chest.08-1665
https://doi.org/10.3109/09593985.2010.511440
https://doi.org/10.1161/01.CIR.
82.6.2061
https://doi.org/10.1161/01.CIR.
82.6.2061
https://doi.org/10.1007/BF01003477
https://doi.org/10.1093/sleep/11.2.182
https://doi.org/10.1093/sleep/11.2.182
https://doi.org/10.1111/j.1475-097X.2008.00834.x
https://doi.org/10.1016/j.sleep.2014.03.025
http://irlssg.org/diagnostic-criteria/
https://doi.org/10.1177/001316447403400406
https://doi.org/10.1111/j.1525-1497.2006.00593.x
https://doi.org/10.1081/CEH-100100077
https://doi.org/10.3109/00365518909089076
https://doi.org/10.2147/JPRLS.S58556
https://doi.org/10.1016/j.sleep.2004.10.012
https://doi.org/10.1097/MD.
0b013e31815b1319
https://doi.org/10.1097/MD.
0b013e31815b1319
https://doi.org/10.1016/j.jbmt.2006.12.001
https://doi.org/10.1186/1752-1947-4-286
https://doi.org/10.1093/brain/awp125
https://doi.org/10.5665/sleep.2300
https://doi.org/10.1016/j.neuroscience.2015.01.057
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Peripheral Dopamine in Restless Legs Syndrome
	Introduction
	Materials and Methods
	Subjects
	Sample Collection and Extraction of Blood
	Measurement of Catecholamines
	D2R Flow Cytometry
	Incubation of WBCs With Dopamine
	Data Analysis: Catecholamines and D2R Expression
	Data Analysis: Effect of DA on D2R Expression


	Results
	Blood Catecholamine Levels in RLS
	Blood Dopamine D2R Expression in RLS
	Effects of Dopamine on Blood WBC D2R Expression

	Discussion
	Blood Catecholamine Levels in RLS
	Blood Dopamine D2R Expression in RLS
	Effects of Dopamine on Blood WBC D2R Expression

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	References


